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Most people strongly prefer to use back-and-forth eye movements in order to discriminate 
3-dimensional distances among targets that are widely separated from each other in direction. This 
viewing strategy permits sequential stereopsis: a comparison between the foveally-seen pre-sa¢cadic 
disparity of one target with post-saccadic disparity of the other. This note describes a simple and 
qualitatively compelling demonstration of the usefulness of sequential stereopsis, in a situation in which 
classical stereopsis, with steady fixation, is greatly degraded. Targets of high-spatial-frequency texture 
are used, with details that can be resolved foveally before and after saccades, but that are unresolvable 
in peripheral vision. Back-and-forth eye movements between such textured targets, separated by 
8-10 deg from each other, led to estimates of threshold that averaged less than 45 sec arc disparity 
(corresponding to about 0.18% of viewing distance): some of the best performances ever reported for 
targets so widely separated. 
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INTRODUCTION 
When asked to decide which of two non-adjacent objects 
is farther away, most people spontaneously choose to 
make that decision by looking back-and-forth between 
the objects. This strategy is probably the most common 
way in which binocular vision is used for depth discrimi- 
nation, and it has a clear practical advantage: as several 
studies have shown, somewhat more precise judgments 
of 3-dimensional (3-D) distance can usually be made in 
that manner, rather than by fixating steadily on a single 
point, as in classical studies of stereopsis (Wright, 1951; 
Ogle, 1956; Enright, 1991a). Under ordinary circum- 
stances, depth discriminations between non-adjacent 
targets usually can  be made with steady fixation on one 
target or the other, but if the targets are more than a few 
degrees apart in direction, that decision requires divided 
attention, and seems subjectively more difficult, as well 
as being less reliable. In addition, circumstances exist 
in which no depth discrimination at all is possible while 
fixating on one target or the other; but looking back- 
and-forth can readily solve that problem. Such a special 
case arises when two small targets are separated laterally 
from each other by an angle of about 13-15 deg; in that 
situation, fixation on either of the targets means that the 
image of the other target falls on the blind spot of one 
of the eyes, and thus no information about its disparity 
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is available; and, of course, conventional stereopsis 
is then impossible. Nevertheless, as extensive testing 
has demonstrated, looking back-and-forth between such 
targets permits the blind-spot handicap to be fully 
overcome: easy depth discrimination is possible, with 
thresholds fully comparable with those found at adjacent 
eccentricities (Enright, 1991a; Wright, 1951). While the 
discoverer of this sort of blind-spot depth perception 
attributed it to stimuli arising from convergence of the 
eyes (Wright, 1951), subsequent evidence (Enright, 
1991a, b) indicates that the probable mechanism is, 
instead, what I have called "sequential stereopsis": the 
disparity of the original target, as seen foveally before 
the saccade, is compared with that of the newly fixated 
target, as seen immediately after the saccade. 
Although looking back-and-forth between objects, 
in order to discriminate their 3-D separation, is a 
major component of vision in a natural environment, 
sequential stereopsis has remained a little studied topic, 
probably primarily because its usefulness has been 
inconvenient and tedious to demonstrate convincingly. 
Under most circumstances, the reduction in threshold 
associated with looking back-and-forth between targets 
is typically only 30~0%,  meaning that many tests are 
required to verify that small differences in stereoacuity 
are reliable. Furthermore, appropriate experiments using 
targets at blind-spot spacing are quite demanding: in a 
room that is otherwise fully darkened, two small, dimly 
illuminated targets must be provided at the proper, 
subject-specific lateral spacing: at least one of the targets 
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FIGURE 1. Random-dot pattern (50% coverage) with about 75 pixels/cm. High-resolution photocopies of this figure are 
adequate for demonstrations a d experiments like those described here. 
must be readily adjustable in its disparity; and in order 
to avoid unintended stimulation of disparity detectors 
outside the blind spot, accurate eye movements are 
required as well as very stable, reliable fixation. 
This paper describes a novel and simple sort of 
stimulus arrangement that overcomes uch limitations 
and provides a clear, classroom-type demonstration of 
the usefulness of sequential stereopsis, in a situation 
in which ordinary stereopsis is greatly degraded. The 
demonstration makes sequential stereopsis the way in 
which binocular vision is so widely used in the natural 
world to discriminate depth readily accessible, largely 
isolated from simultaneous, fixed-fixation stereopsis. 
In addition, quantitative data on depth-discrimination 
thresholds are presented from experiments with such 
targets; and those experimental data quantify the clear- 
cut qualitative impressions from the demonstration. 
DEMONSTRATING SEQUENTIAL  STEREOPSIS  
This demonstration relies on the familiar fact that 
visual acuity in the periphery of the visual field is far 
lower than in the fovea. Two targets are presented, 
separated in direction by several degrees from each 
other, in a distance-judgment task, and those targets are 
constructed of high-spatial-frequency pattern, meaning 
that fixation on either target leaves details in the other 
target unresolvable, since its images fall in peripheral, 
lower-acuity regions of the retinas. In this situation, 
the ability to recognize a depth separation between the 
targets by ordinary stereopsis is exceedingly poor. 
Looking back-and-forth between two such targets, 
however, permits easy and reliable judgments of 3-D 
locations, mediated by sequential stereopsis. 
As a first step toward a simple demonstration of this 
phenomenon, a viewing port with a diameter of about 
2.5 cm should be cut in a stiff opaque mask; a high- 
spatial-frequency target should be mounted about 10 cm 
behind the hole, either a fine-grain random-dot pattern 
like that shown in Fig. l, or a piece of fine-grit sand- 
paper; and the target should be observed through the 
port from a distance of about 40 cm in front of the mask. 
With foveal viewing, it is easy to recognize that the target 
is well behind the hole; stereopsis i  possible because a
segment of the target is seen binocularly, through the 
center of the viewing port, between flanking regions een 
only monocularly. If the target, behind its port, is moved 
toward and away from the observer, a clear perception 
of motion in depth is also evident, probably somewhat 
enhanced by changes in pattern occlusion around the 
margins of the viewing port. If, however, the observer 
fixates some 5 deg or more to one side of the hole, the 
texture of the target, as seen binocularly through the 
port in peripheral vision, becomes extremely blurred, 
providing no reliable impression of its distance. If the 
target is slowly oscillated toward and away from the 
mask, its 3-D movement is scarcely recognizable during 
steady, eccentric fixation. 
Now a second viewing port of the same size should be 
cut in the mask, centered about 7 cm to one side of the 
first; and a second, similar high-frequency target should 
be mounted on the end of a ruler, so that an observer 
can support and move that target with his hand, behind 
the second port. If, from a distance 40 cm from the ports, 
one fixates on the first target while it remains tationary 
at, say, 10 cm from the mask, and the second target is 
slowly oscillated forward and backward behind its port, 
its displacements are very difficult to perceive. If one 
fixates instead on the second, movable target, its dis- 
placements in depth relative to the viewing port can be 
easily recognized, as before, and an approximate sense 
of the target's absolute distance behind the mask can 
also be appreciated; hence, the observer can adjust that 
distance to the remembered absolute distance of the 
first, stationary target. As shown below, however, such 
judgments are quite imprecise. Nevertheless, looking 
back-and-forth between the two targets (saccades of 
about 10 deg) provides a clear-cut, unequivocal indi- 
cation of their relative distances, and the movable target 
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can be easily brought to a location of perceived equi- 
distance, with considerable precision. 
QUANTITATIVE DATA FROM THE 
DEMONSTRATION 
Methods 
The device used in quantitative evaluations of 
threshold is illustrated in Fig. 2; it represents a modest 
elaboration on the demonstration described above, with 
accessories that permit evaluation of how reliably dis- 
tance can be discriminated. The two viewing ports are 
about 25 mm in diameter, bored through opaque plastic 
4 mm thick, with a mid-center spacing of about 64 mm. 
The right port was about 40 cm from the observer's eyes, 
the left port 4 mm farther away; their centerline separ- 
ation required a horizontal saccade of about 9 deg. The 
left, stationary target was placed by the experimenter at
one of four standard distances, chosen randomly be- 
tween 50 and 55 cm from the subject's eyes. Distance to 
the right target could be adjusted by the subject, using 
a knob 5.5 cm in diameter. A full revolution of that knob 
moved the target forward or backward by an average 
of about 14mm, corresponding to about 11 min arc 
change in disparity, the exact amount depending on 
inter-pupillary spacing and target distance; the full range 
of available distance settings was from about 49 to 56 cm 
from the viewer's eyes, corresponding to a range of 
somewhat less than I deg of disparity. Rotation of the 
wheel was non-linearly related to target displacement, 
and, in order to further reduce tactile information, the 
mechanical connections were made so loose that in order 
to change the direction of target movement, the wheel 
had to be rotated about 30 deg before reversed target 
movement began. 
Before each test, the movable target was displaced at 
least l cm from equidistance, and the observer then 
manipulated that target until its distance seemed a 
satisfactory match to that of the opposite, stationary 
target. Typically, this required about 15-20sec. That 
setting was recorded by the experimenter to the nearest 
0.1 mm, along with actual position of the stationary 
target; and the movable target was then again displaced. 
Tests were conducted in blocks of six; a full measure- 
ment series involved two blocks for each of the 
four stationary-target positions: 48 measurements in all. 
Standard deviations of the six measurements in each 
block of tests were calculated, and those values, con- 
verted to disparity equivalents, have been used as 
estimates of depth-discrimination threshold. 
The sequential-stereo t sts were made with free vision, 
and the subjects typically made some 10-20 back-and- 
forth saccades between the viewing ports for each test. 
In the "memory" tests, the movable target was initially 
occluded and the stationary target was exposed to 
viewing through its port for 3--5 sec, following which it 
was occluded and the movable target exposed; the 
subject then adjusted the movable target to match his 
memory of the distance to the stationary target, with 
no chance to recheck the setting by comparison with 
the actual target. All tests were conducted under 
ordinary room illumination, with care taken to avoid 
shading of the targets, which might provide indications 
of position. 
Two kinds of targets were tested with each subject. 
The movable target was in all cases a random-dot matrix 
with about 75 pixels/cm and 50% coverage, a pattern 
comparable with Fig. 1; at the viewing distances, 
each pixel subtended about l min arc, and the fine 
structure was readily resolvable foveally. In the "ran- 
dom-dots" tests, the stationary target consisted of a 
similar pattern; in the "sandpaper" tests, the stationary 
target was a sheet of fine-grain aluminum-oxide sand- 
paper, tan in color (3M Company, 150 grit, open coat 
aluminum oxide, median grain diameter of 94/~, at a 
density of about 35 grains/mm2). The "'fixation" and the 
"memory" tests also used sandpaper for the stationary 
target. 
VIEWING 
Y PORTS F LEFT TARGET 
RIGHT TARGET . _ .~7~ JTr ~/~ IL TARGET PLATFORMS 
WINDOW-WINDER 
FIGURE 2. Schematic diagram of the instrument used for quantitative stimates of depth-discrimination threshold. 
Dimensions and additional characteristics of the instrument are described in text. 
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Three subjects participated in testing, aged 61, 34 and 
18 years. They are the same three who provided data in 
the experiments described in Enright (1991a), and are 
here identified by the same numbers used there. None of 
the subjects has been involved in stereo testing in the last 
3 years; during that time, subject 3 has become slightly 
myopic (ca 1 D), and wore spectacles during testing, as 
did subject 1. Subject 2 is emmetropic. 
RESULTS 
The results from these experiments are presented 
in middle part of Fig. 3 in the form of box-and- 
whisker plots; each plot summarizes 8 estimates of 
threshold, each derived from 6 tests. The overall cross- 
subject average threshold with back-and-forth saccades 
(random-dot and sandpaper tests) was 45 sec arc. The 
youngest subject (No. 3) performed best, with threshold 
averaging 27 sec arc. Comparison with other published 
data indicates that these thresholds, obtained using 
texture-defined targets, represent some of the lowest 
values ever reported for depth discrimination at this 
eccentricity. For example, the left portion of Fig. 3 
shows the mean thresholds for the same subjects, 
measured in a similar manner but using small luminous 
targets at comparable ccentricity (9-10 deg), with the 
comparison target located at 5-m distance in a fully 
darkened room (Enright, 1991a). The thresholds with 
back-and-forth eye movements reported here are con- 
sistently somewhat lower than those obtained previously 
at comparable ccentricity. Additional comparisons are 
0 
0 
H- 
Z 
10-  
SUBJECT 1 
3!- 
1.0 
0 .3 -  
FROM 
ENRIGHT, 1991a 
0.1 
I ®: WITH EYE MOVEMENTS I e: STEADY FIXATION 
o n- 
a0~ uJ • 
_< < /_' 
P Ou~ 
M. 
SUBJECT CK 
6 ° 8 ° 10 ° 12 ° 
TARGET SPACING 
-10  
-3  
1.0 
- 0.3 
0.1 ~3 
10 
UJ 
3 LL 
O 
Z 
O 1.0 
IJJ 
Z 
-SUBJECT 2 
0.3 
FROM 
ENRIGHT, 1991a 
0.1 
10-  
p-  
O 
k-  U)  
m 
SUBJECTJG 
6 o 8 ° 10 ° 12 ° 
TARGET SPACING 
-110 
1.0 
0.3 
0.1 
. J  
0 1.o 
u) 
UJ 
tY" 0.3 
-I- 
k- 
0.1 
SUBJECT 3 
B 
FROM 
ENRIGHT, 1991a 
= + 
UJ 
o 
au J  
I t .  
SUBJECT KNO 
/"  ../" 
8 o 10 ° 12 ° 
TARGET SPACING 
THIS STUDY OGLE, 1956 
-10  
3 
1.0 
0.3 
0.1 
F IGURE 3. Depth-discrimination thresholds with various viewing protocols. Data reported here are presented as "box-and- 
whisker" plots (middle of graph), each based on 8 estimates of threshold: vertical ines connect maximum and minimum values; 
horizontal bars with circle represent (logarithmically calculated) mean; boxes are drawn with lower and upper limits at 25th 
and 75th percentiles of observations. Upward-sloping diagonal ines connect mean values for back-and-forth viewing with 
same-subject mean values for steady fixation. Note greater slope of these lines in data from this study, than in most previously 
published results, shown to left and right. See text for explanation of "random-dot", 'sandpiper", 'fixation" and "memory" 
protocols. 
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provided (right side of Fig. 3) by data from Ogle (1956), 
with needle-like targets at 50cm distance; in those 
experiments the targets were separated laterally by 
angles ranging from 6 to 12 deg, and, as here, standard 
deviations of replicate settings were used as the measure 
of threshold. The thresholds here, using diffuse-texture 
targets, are fully comparable with Ogle's data from his 
highly experienced subjects. 
The data labeled "fixation" involved steady viewing of 
the movable target while it was adjusted (meaning that 
modest vergence-pursuit eye-movements were required). 
Those experiments required great care by the subjects 
to avoid brief glances toward the stationary target, with 
which they were required to compare distance. The 
thresholds in the fixation tests were about 3- to 9- 
fold higher than the average same-subject sequential- 
stereopsis values. In contrast with this 3- to 9-fold 
difference found with high-spatial-frequency targets, the 
literature data illustrated in Fig. 3, using single, discrete 
targets, involve differences in threshold, between steady- 
fixation and alternating fixation, of only a factor of 
about 1.5 (average across 6 subjects). (The subjects here 
were not systematically tested with steady fixation on the 
stationary target, because in that situation, they felt very 
uncertain about whether they could discriminate at all, 
over the range of settings available, during displace- 
ments of the peripherally-seen movable target.) 
Since the possibility exists that occasional sidelong 
glances, either before or during testing, might have 
contributed to the "fixation" results in Fig. 3, the 
"memory" tests were conducted (brief initial view of the 
stationary target, followed by its complete occlusion 
during adjustment of the movable target); and those 
results are also shown in the mid-part of Fig. 3. The 
thresholds measured in "'memory" tests were somewhat 
higher than in the "fixation" tests, considerably so for 
subject 3, and averaged about 5 rain arc. While the 
"memory" tests were designed to evaluate remembrance 
of target distance, they do not exclude the possibility 
that the settings were based upon some subtle tactile clue 
from the instrument: in any case, those results represent 
a satisfactory control for the maximum likely influence 
of such mechanical factors. 
DISCUSSION 
The average threshold obtained here for sequential 
comparisons of targets at 9 deg separation (45 sec arc) 
represents a disparity well less than the single-pixel 
spacing of the random-dot targets, and corresponds 
to about 0.18% of the total target distance. Those 
thresholds were consistently ower for all 3 subjects than 
their values in a previous tudy that used small luminous 
targets at comparable lateral separation (Enright, 
1991a). Because of differences in experimental conditions 
(instrumentation, light levels, target distance and spatial 
extent of the targets), it is uncertain which factor is 
responsible for the improvement; but it is nevertheless 
noteworthy that textured surfaces without lines or 
coherent structure can support distance judgments that 
were more precise than those obtained with small, 
sharply outlined light stimuli. 
As evident in Fig. 3, the values here are fully as 
impressive as the thresholds measured by Ogle (1956) for 
highly experienced subjects, using needles as targets. 
Another possible comparison would be with the data 
of Rady and Ishak (1955), who reported distance- 
perception thresholds for l0 inexperienced subjects that, 
when converted to disparity units, averaged 38 sec arc, 
with alternations of fixation between discrete, illumi- 
nated targets eparated by 7 deg. Those values are quite 
comparable with the results in this study for targets 
at somewhat greater separation, but, as Ogle (1956) 
has indicated, the article by Rady and Ishtak (1955) is 
problematic because it also reports reliable stereopsis 
with steady fixation on one of a pair of targets eparated 
laterally by 52 deg (average threshold less than 3 min 
arc); Ogle's experienced subjects (and mine) reported 
that even crude stereoscopic depth discrimination atthat 
eccentricity seemed patently impossible. 
While the subjective impression, in making target 
adjustments in the measurement device, was that of 
comparing the distances of the two segments of textured 
surface relative to each other, it is conceivable that 
discrimination might instead have been based on com- 
paring the depth separation of each textured surface 
from its own viewing port. The port for the adjustable 
target was 4 mm closer to the observer than the other, 
and therefore a quantitative evaluation of this issue is 
possible. In the six alternating-fixation test series 
(2 for each subject), the mean setting of the adjustable 
target averaged 1.3 mm farther than the actual ocation 
of the stationary target (range -0.24-+3.55 ram); but 
if distance between port and textured surface had been 
compared between targets, these values should average 
-4.0 ram. This result strongly suggests that distances 
of the target surfaces themselves were indeed being 
compared with each other, rather than distances between 
port and target surface. No ready explanation seems 
evident for the small but relatively consistent positive 
bias in these data (0.10 < P < 0.05 by t-tesl). 
The "memory" results indicate that moderately 
reproducible adjustments were possible with this instru- 
ment, presumably on the basis of absolute distance as 
remembered over tens of seconds. (It is conceivable, 
however, that those results might have involved tactile 
stimuli.) Whatever the mechanism in those tests, the 
thresholds, about an order of magnitude higher than 
with alternating viewing, demonstrate he importance 
of repeated back-and-forth eye movements for best 
performance in sequential stereopsis, with the attendant 
possibility of repeatedly comparing disparities over very 
brief intervals (< 100 msec). 
Because of the fine texture of the targets used here, it 
may initially seem surprising that any discrimination of
distance at all was possible during the fixation tests, 
albeit with much higher threshold: the individual pixels 
of the random-dot pattern were several-fold smaller than 
the resolving limit of the retina at 9deg eccentricity. 
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Unintentional eye movements toward the comparison 
target could have been involved, but the subjects 
were told to abort any test in which they were aware of 
having glanced at the stationary target. Furthermore, the 
"memory" tests, particularly the results for subject 3, 
demonstrate hat even a prolonged 2-sec view of that 
target did not lead to thresholds as low as during the 
fixation tests. Thus, faulty fixation can probably be 
discounted, but at least two other possible explanations 
can be suggested for the ability to crudely discriminate 
depth during the "fixation" tests: stereopsis on the basis 
of the peripherally seen adventitious low-frequency 
pattern that is inherent in any given higher-frequency 
random-dot array; or between-target comparisons of the 
width (lateral extent) of the pattern that could be seen 
binocularly. (Over the range of target settings between 
50 and 56cm, this extent varied between about 
2.3-1.4 deg meaning that the threshold of subject 3 in the 
"fixation" tests corresponds to a difference of about 
1.6 rain arc in lateral extent.) 
In order to distinguish between these possibilities, 
additional tests were conducted with the diameter of the 
viewing ports reduced by 20% (25-20 ram); this reduces 
the areal extent of the pattern seen binocularly (within 
which low-frequency pattern might be appreciated) by 
between about 50 and 70%, but leaves the change in 
lateral extent of binocular overlap, per mm displace- 
ment, essentially unaltered. With the smaller ports, the 
thresholds measured with steady fixation were consider- 
ably increased (by factors of 1.5, 2.11 and 3.75, for 
subjects 1, 2 and 3, respectively). This result argues 
against discrimination based on lateral extent of the 
binocular field, but is consistent with the suggestion of 
stereopsis mediated by residual ower-spatial-frequency 
aspects of the targets.* In other, preliminary tests, 
the smaller-diameter ports also considerably raised 
*The random-dot pattern of Fig. l must be viewed from a distance of 
several meters before it appears homogeneously gray; but at 5 
or 6m, each single pixel subtends about 5sec arc, or about I/6 
the foveal inter-cone spacing. The perception of texture from 
distances greater than about l m thus presumably depends on 
adventitious lower-spatial-frequency structure of the pattern. 
In order to demonstrate conclusively that such lower-frequency 
pattern was involved in the "fixation" tests, one might intentionally 
blur the residual ower-frequency ontent of the peripherally-seen 
target. Those control measurements have not been undertaken, and 
they would in fact only be meaningful for subject 3, because for 
the other 2 subjects, thresholds in the "'fixation" tests were not 
appreciably lower than those from the "memory" tests. 
threshold for back-and-forth viewing, but this does not 
necessarily implicate low-frequency components in the 
textured targets for sequential stereopsis; in that case, 
reduction in the areal extent of high-frequency stimuli 
would also be a sufficient explanation for the observed 
increase in threshold. 
Previously reported demonstrations of sequential 
stereopsis with paired small targets eparated by blind- 
spot spacing can provide a rigorous basis for inferences 
about underlying mechanisms (Enright, 1991a), but 
that target configuration involves a highly contrived 
situation that will very rarely be encountered in a natural 
environment. The texture-defined targets described here, 
however, have broad similarities with more common 
situations. The results are clearly relevant to viewing of 
extensive, fine-textured random-dot stereograms, with 
which free eye movements are usually permitted; and the 
targets also resemble portions of many natural scenes in 
which texture of a surface is sufficiently fine grained that 
while it can be easily resolved foveally, its fine structure 
is fully blurred in peripheral vision: situations in which 
ordinary stereopsis with steady fixation would be very 
difficult, as here. The normal, spontaneous preference 
for making judgments about distance by looking back- 
and-forth between the objects may well have its greatest 
usefulness in situations resembling those described here, 
where non-adjacent targets can only be well resolved 
foveally, rather than in the very modest improvements in 
discrimination (Ogle, 1956~ Enright, 1991a; see Fig. 3) 
achievable for non-adjacent targets that have sharply 
defined contours, which are easily also resolved in 
peripheral vision. 
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